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ABSTRACT ARTICLE HISTORY
This study aims at developing a CFD model for large marine two-stroke dual fuel engine with gaseous fuel Received 13 August 2020
direct injection at high pressure. For the gaseous fuel, the shock tube theory and the pseudo-diameter Accepted 9 February 2021
concept are employed to model the injection, jet penetration and air entrainment processes, whereas
its non-premixed combustion is represented by a steady diffusion flamelet model along with a pilot CFD oo

S . . A . . modelling; marine two-
fuel ignition kernel. Following this model validation, a large marine two-stroke dual fuel engine closed stroke dual fuel engines;
cycle is simulated for both the gas and diesel modes at 75% load, and the involved phenomena are high pressure gas
comparatively assessed. The derived results demonstrate that the gas mode combustion takes place in direct injection; gas and
lower maximum temperature and leaner conditions compared to the diesel mode, resulting in lower diesel operating modes
NOx emissions. This study is expected to benefit the development of future engine designs and the
engine settings optimisation for reducing emissions and increasing efficiency.

KEYWORDS

Nomenclature 8V,  pseudo volume of the injected gas jet [m’]
Q engine chamber volume [m?]

Cpr  specific heat capacity of species k [J/kg/K]

d diameter [m]

d, gas nozzle diameter [m]

dt time step [s] Subscripts

Fyi momentum sources of the injected gas [N/m”] . .

. 1 te [ka/s] % engine combustion chamber

tg gas flow rate [kg d

P static pressure [Pa] g 1n)ec(t1e dg.as

Ps pressure upstream the normal shock [Pa] ps  pseudo-diameter

r local radius in the ignition kernel [m]

Ryyg universal gas constant [J/kg/K]

R;, ignition radius [m] , Abbreviations:

Sh total enthalpy source [W/m’]

Sig energy source of the pilot fuel combustion [W/m?] ATDC  after top dead centre

Sk turbulent kinetic energy source [kg/s*/m] EVO exhaust valve opening

Sm mass source of the fuel vapour [kg/s/m’] CA crank angle

Se turbulence dissipation rate source [kg/s*/m] (6(0) carbon monoxide

Su mass source of the injected gas [kg/s/m3 ] CO, carbon dioxide

Sz mixture fraction of the injected gas [kg/m’/s] NOx nitrogen oxides

Szm  mixture fraction of the fuel vapour [kg/m?/s] SOx sulphur oxides

T temperature [K] TDC top dead centre

T temperature distribution in the ignition kernel [K]

Tiocal  local temperature in the ignition kernel [K]
maximum local cylinder temperature [K]

flame-edge temperature [K] Two-stroke diesel engines are widely used for ocean-going
gas injection velocity [m/s] ships propulsion, due to their reliability, cost-effectiveness

m

r
v

as jet velocity fluctuation [m/s . )

v iggnizci orY Kkern e)i volume [ m3[] ] and efficiency. However, after-treatment systems or alternative

ig

]
Yy

1. Introduction

ignition kernel location [m] fuels are required to ensure the compliance with the current
species k mass fraction [-] and forthcoming stringent regulatory framework for ships
exhaust gas emissions, in specific, the nitrogen oxides (NOx)
and sulphur oxides (SOx) emissions (IMO 2018). Compared

Greek symbols to conventional marine fuels, such as heavy fuel oil, natural
p density [kg/m’] gas is regarded as a feasible alternative, as it reduces the carbon
v specific heats ratio dioxide (CO,) and NOx emissions, whilst almost eliminates
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the SOx and particulate matter (PM) emissions (Kjemtrup
2015; Ott 2015).

Natural gas primarily consists of methane and exhibits high
compatibility with the compression-ignition (CI) engines, due
to the methane high auto-ignition temperature and anti-knock
properties. In this respect, the dual fuel engines with the natu-
ral gas directly injected within the engine cylinders (close or
after the top dead centre) at high pressure (around 300 bar)
constitutes one of the commercially available types of marine
two-stroke propulsion engines. The gas fuel combustion is
initiated by the injection of the pilot liquid fuel close to the
cylinder top dead centre. This engine type delivers the same
power output at both the gas and diesel operating modes
and avoids knock and misfire issues. Compared to the diesel
mode operation, the engine achieves NOx and CO, emissions
reduced by 25% and 20% respectively, whereas the methane
slip is limited. However, an after-treatment system (typically
exhaust gas recirculation) is required to achieve compliance
with the IMO Tier III NOx regulations.

Douville (1994) conducted an experimental investigation of
the combustion and emissions characteristics of a four-stroke
dual fuel engine with direct injection of pilot fuel and natural
gas at high pressure. It was concluded that this engine operat-
ing at the gas mode achieved higher thermal efficiency at high
loads and lower pollutant emissions over the entire load range
in comparison to the diesel mode operation.

The injection timing of both the pilot and gas fuels affects
the engine performance and the associated emissions. Various
research studies (Duggal et al. 2014; Larson 2003, Li et al. 2015;
Zhang et al. 2015) experimentally quantified the variation of
the engine performance and emissions parameters of four-
stroke engines with direct gas injection. Larson (2003) investi-
gated the influence of the injection timing and pressure, as well
as the exhaust manifold pressure and the boost pressure on the
engine exhaust gas emissions. Zhang et al. (2015) demon-
strated that the higher combustion quality and engine thermal
efficiency were achieved through increasing the gas injection
pressure, which was also beneficial for the hydrocarbons
(HC) emissions reduction. McTaggart-Cowan et al. (2004)
conducted a thorough experimental investigation of a single
cylinder four-stroke heavy-duty engine, testing the injection
pressure variation with engine speed and load, the gas compo-
sition (including ethane, propane and methane), the gas
dilution (inert nitrogen) and the hydrogen addition. The
effects of these parameters on the engine combustion and
emissions characteristics (including efficiency, combustion
variability, gaseous fuel ignition delay, combustion duration)
were quantified in McTaggart-Cowan et al. (2007) and McTag-
gart-Cowan et al. (2010). Brown (2008) tested a new injector
type, which facilitated first the mixing of the gaseous and the
pilot diesel fuels in a dedicated gas-diesel reservoir, and then
the pilot-gas fuels mixture injection into the engine cylinder.
It was concluded that this injector type affected the combus-
tion repeatability, which was found to be dependent on several
parameters including the injected fuels timing and quantities.

A number of studies addressed the modelling of dual fuel
engines with direct gaseous fuel injection at high pressure.
Ouellette (1996) used the ignition delay derived from the
shock-tube experiments (Tsuboi and Wagner 1975) to
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estimate the methane reaction rate during the ignition delay
period, under the assumption of homogeneous conditions
and negligible heat diffusion from the ignition locations. The
eddy-dissipation model was employed to model the methane
non-premixed combustion taking into account the two-step
chemical reactions mechanism considering carbon monoxide
(CO) as an intermediate combustion product. Li et al. (2005)
decoupled the combustion process considering the pilot diesel
fuel ignition and combustion as well as the gaseous fuel com-
bustion. The pilot fuel ignition delay was estimated by employ-
ing the Shell model (Halstead et al. 1977), which can represent
the auto ignition at any combustion conditions except for the
purely premixed process. The gaseous fuel combustion was
modelled by considering the characteristic-time combustion
approach.

Lee and Montgomery (2014) numerically investigated a
four-stroke dual fuel engine with natural gas high pressure
direct injection (HPDI) by employing the SAGE direct chem-
istry solver combined with the reduced chemical mechanism
developed by Patel et al. (2004). The impact of the relative
injection timing (difference between the pilot and gaseous
fuels injection start) on the engine indicated mean effective
pressure (IMEP) and NOx emissions was identified concluding
that the gaseous fuel injection start is the most influencing par-
ameter for the engine combustion control. Li et al. (2017) used
the SAGE solver to investigate the hydrogen addition to the gas
direct injection dual fuel engine. The CONVERGE CFD soft-
ware (CONVERGE 2018) indicated that the SAGE solver is
used to simulate various combustion modes including pre-
mixed, non-premixed, partially premixed and multiple fuels.
Wang et al. (2017) investigated the influence of injection
profiles and the nozzle angle on the combustion and emissions
(NOx and soot) characteristics of a four-stroke dual fuel
engine with direct gas injections by employing the AVL-
FIRE CFD software and the 3-Zone Extended Coherent
Flame Model (ECFM-3Z) (Colin and Benkenida 2004). Gao
et al. (2014) investigated by CFD simulations the effect of
the gaseous fuel injection pressure on the engine emissions
demonstrating that the injection pressure increase results in
the NO emissions increase and the HC emissions reduction
without significantly affecting the engine performance
parameters.

The studies discussed in the preceding paragraphs investi-
gated four-stroke direct injection dual fuel engines. However,
the pertinent literature review reveals the lack of numerical
and experimental studies focusing on marine two-stroke
engines with the exception of a previous authors’ study
(Yang et al. 2020) that focused on the parametric investigation
of the gas injection settings for a marine two-stroke dual fuel
engine. Moreover, previous studies did not consider the
effects of the expansion waves inside the gas nozzle and the
barrel-shaped shocks in the vicinity of the gas nozzle exit on
the gas fuel penetration within the engine chamber. This
study aims at developing a CFD model to sufficiently represent
the processes of the closed cycle of a marine two-stroke engine
with direct gaseous fuel injection. To address the previous
studies limitations discussed above, the pseudo-diameter con-
cept (Ouellette and Hill 2000) and the one-dimensional shock
tube theory (Hajialimohammadi et al. 2016) are combined to
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accurately evaluate the gas jet penetration and the air entrain-
ment. In addition, a novel approach for modelling the gas
admission in the engine combustion chamber is developed
by appropriately calculating the corresponding source terms
in the governing equations. Another novel element of this
study is the customisation of the steady flamelet model (Peters
1984), which is used to represent the non-premixed combus-
tion of both the injected pilot liquid and gaseous fuels. This
combustion model combined with the methane skeleton
chemical kinetics according to Bilger and Starner (1990) is
incorporated to the ANSYS Fluent CFD software (ANSYS
2015). The pilot fuel injection and combustion processes are
first modelled, and subsequently, the developed ignition kernel
is employed for the initiation of the natural gas combustion
process. The large marine two-stroke engine 5S60ME (MAN
Diesel & Turbo 2014; MAN Energy Solutions 2015) is mod-
elled in this study for both the gas and diesel operating
modes. The simulation results are analysed to discuss and per-
formance and emissions characteristics comparatively asses-
sing the engine phenomena for both the gas and diesel modes.

2. CFD model description

In the case of marine dual fuel engines with gaseous fuel
direct injection, both the pilot liquid and gaseous fuels are
injected into the combustion chamber towards the end of
the compression process. The pilot liquid fuel injection
initiates the processes of spray break up, droplets atomisation,
evaporation and air entrainment (mixing of the air and fuel
vapour), whilst the pilot fuel combustion commences when
the temperature is above the fuel auto-ignition temperature,
generating a combustion kernel. Subsequently, the engine
main gaseous fuel is directly injected into the engine cylin-
ders, initiating the processes of the gas penetration, the air
entrainment (mixing), the preparation of combustible mix-
ture; the latter is ignited by the pilot fuel combustion kernel.
In this study, the involved processes for the injection and
combustion of both the pilot and gaseous fuels are modelled
by developing appropriate models in the ANSYS Fluent soft-
ware (ANSYS 2015). The engine operation at the diesel mode
is also modelled by employing the approach used for the pilot
fuel injection and combustion, which is reported in the fol-
lowing paragraphs.

Expansion waves Flow boundary

— Mach disk

M<1
Reflected shock

=

Expansion Fan

Barrel shock

Figure 1. Schematic demonstrating the gas flow phenomena taking place inside
the gas nozzle and downstream the nozzle exit (adapted from Ouellette and Hill
2000) (This figure is available in colour online.).

2.1 Pilot fuel injection model

The pilot fuel injection model was developed and customised
in ANSYS Fluent (ANSYS 2015). An atomiser model with a
cone-shape region was employed to represent the initial state
of the injected pilot fuel. A number of parameters are provided
as input to this model, including the injection centre, the
orifice diameter, the spray axis and angle, as well as the injec-
tion pressure. The Bernoulli equation was used to estimate the
pilot fuel injection velocity and the associated mass flow rate,
considering the orifice pressure drop. The Stochastic Second-
ary Droplet (SSD) model (Apte et al. 2003) was employed to
represent the droplets breakup process.

2.2 Gas injection model

As the gaseous fuel is injected at high-pressure into the engine
combustion chamber, the flow phenomena shown in the sche-
matic of Figure 1 are expected to take place. In specific, an
underexpanded flow (barrel-shaped pattern) will be formed
in the vicinity of the gas nozzle exit (downstream the exit),
whereas an expansion fan will be formed inside the gas nozzle.
The effects of this barrel-shaped pattern on the downstream
flow can be represented by employing the pseudo-diameter
concept (Ouellette and Hill 2000). The pressure drop caused
by the expansion wave travelling upstream the nozzle (towards
the high-pressure side) can be estimated by using the shock
tube theory, as reported in Hajialimohammadi et al. (2016).

Based on the shock tube theory applied in the case of one-
dimensional compressible flow, and considering the pertinent
mass, momentum, energy and the gas state equations (Yang
2018) in conjunction with the pseudo-diameter concept
(Ouellette and Hill 2000), the following equations are derived
for the calculation of the injected gas velocity U, and the
pseudo diameter dp:

2
U, = (Ps — P&)
’ / Pool(Yoo + DPs + (Yoo — 1)Puc]
_ 2V %R Ty L <&)<Yg1)/zvg 0
Yo — 1 P,

Pg
s — Gny[ 5 2
d, dMPoo (2)

The gas is injected at high-pressure (around 300 bar) into
the engine combustion chamber. Considering the combustion
chamber pressure (which depends on the engine load), it is
deduced that sonic conditions prevail in the gas nozzle. Con-
sequently, the injected gas flow rate 7, and the injected gas
density p,, can be evaluated by the following equations:

Z'yg —1
1, o 2 \2y%n-D
mg = Z depg ngmng (ﬁ) (3)
Zyg —1

Poo o/ YeRmgTg [ 2
Pps

= py D
g P6 Ug ’yg+1



The pressure Pg in front of the shock wave is calculated by
employing Equation (1). Subsequently, the high-pressure gas
injection velocity U, can be evaluated using Equation (1),
whereas the pseudo diameter dy, the gas injection rate my
and the related gas density p,, are calculated by using
Equations (2)-(4), respectively.

2.3 Continuous phase modelling

The CFD model implemented in ANSYS Fluent employs the
Favre-averaged Navier-Stokes equations (Hinze 1975) to rep-
resent the gaseous fuel injection and non-premixed combus-
tion processes; these are expressed by the following equations:

o e (Bi) = S+ Su (5)

%(ﬁa» + ;’xj(bﬁiﬁ» = —37‘2
+ aix] (~pus) + pgi + Foi (6)
%(bﬁn + % (piH) = % (é—%ﬁ) + S )

9 9 9 ok
By a0 L W
at(p)+3xi(p ;) i (akutaxj>+ « + Gy — pe

— Yy + Sk 8)

D )+ (i) = — (s o
—(pe) + — (pety;) = — | aept, —
ot P g P g \ T

e L&
+ Cls%(Gk + C3.Gp) — CzaP?

—R.+S. )

0 - o~ ~
(PZ)+V-(p72) =V - (% vz) +Sm+Sz  (10)
t

o
9 ( 7 7 5
a4 (f)ZZ> +V. (;;azz) —v. <ﬂ VZZ)
31‘ (007

+ Couy <v22) - cdp%z (11)

The conserved-equation sources included in Equations (5)-
(11) are used to introduce the high-pressure injected gas into
the engine combustion chamber. These sources are rep-
resented by the following equations:

Su= Y tng/dV, (12)

Fy =) Ugthgity/ 8V, (13)
Sh=>_ mg@f CpedT + hog) /8V, (14)
Sz =Y thy/8V, (15)
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The volume 6V, at nozzle exit is related to the pseudo
diameter, and is calculated by using the following equation
1

Wg=cm d, (16)

The RNG k-¢ model was employed to simulate the turbu-
lence in the engine combustion chamber. According to Choi
et al. (2015), the sources of the turbulence kinetic energy
and the dissipation rate in the combustion chamber induced
by the high-pressure injected gas at the nozzle exit are calcu-
lated by the following equations

Sk = 1.5 (U,)*py/dt (17)
Se = 0.5[1.5 (U))'1*p,/(d, dt) (18)
U, =0.12 U, (19)

Prior to the calculation of the conserved-equation sources,
the engine combustion chamber pressure P, needs to be eval-
uated for the estimation of the injected gas velocity and mass
flow rate as well as the pseudo diameter. This is realised by
using the following equation

_ JH 0 pNPdV (20)
B pdv

The integration of the developed model for the calculation
of the gaseous fuel injection processes and the main ANSYS
Fluent CFD model is described in Figure 2.

2.4 Combustion model

According to the non-premixed combustion concept, it is con-
sidered that the fuel and the oxidiser streams are indepen-
dently introduced into the combustion chamber. For the
case of the marine two-stroke engine, the pilot liquid fuel is
firstly injected into the combustion chamber close to the cylin-
der top dead centre, which initiates the combustion and gen-
erates an ignition kernel for the combustion of the gaseous
fuel. Subsequently, the gaseous fuel is directly injected at
high-pressure and it mixes with the entrained air forming a
combustible mixture, which is ignited by the pilot fuel ignition
kernel. This study assumes that the combustion processes can
be decoupled into the following two parts: pilot fuel combus-
tion, and main gaseous fuel combustion.

2.4.1 Pilot fuel combustion model

The pilot fuel combustion model is based on the laminar
flamelet concept, which was introduced by Murthy (1974)
and further developed by Peters (1984). The effects of the rea-
listic chemical kinetics on the turbulent flames are included in
this diffusion flamelet model.

A probability density function (PDF) of the B-function -
type is employed for the estimation of the turbulence-chem-
istry interactions. The pilot fuel is considered to be n-heptane.
The model considers 28 species whilst the skeleton chemical
kinetics in the laminar flamelet includes 52 chemical reactions
(ANSYS 2015).
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CFD Model implemented in
ANSYS Fluent

Conserved-Equation |€4 p ¢ Equation (1) € P,, Equation (20)
Sources . )
) mg Equation (3)
Sy Equation (12) .
- ) pps Equation (4)
Fyy Equation (13) .
] 6V Equation (16)
Sy, Equation (14)
Sy Equation (17)
S Equation (18)
Sz Equation (15)

Mass Equation (5)

Momentum Equation (6)
Energy Equation (7)
Turbulence Equations (8) & (9)
Mixture Fraction Equations

3| (10) & (11)

Figure 2. The interaction between the gas injection model and the CFD models (This figure is available in colour online.).

The pilot fuel combustion aims to obtain the characteristics
of the ignition kernel, including the location, the radius and
the temperature distribution. By using the predicted tempera-
ture distribution, the associated ignition location &j, the radius
R, and the temperature distribution T within the ignition
kernel are estimated according to the following equations:

o iliild (21)
XN=——
ﬂrvfg pdV
s/ 3
Rig = ET ig (22)
Tir = L(Tm - Tr)a re [0’ Rig] (23)
Rig

2.4.2 Gaseous fuel combustion model

As the gaseous fuel is directly injected at high-pressure into the
combustion chamber and subsequently mixed with the com-
bustion chamber working medium (mostly air), the ignition
kernel generated by the pilot fuel is employed to initiate the
combustion of the gaseous fuel-air mixture. The combustion
is dominated by a limited mixing process and the diffusion
flame concept. Hence, the gaseous fuel combustion is modelled
by employing the steady diffusion flamelet model considering
a single mixture fraction approach (Peters 1984).

Taking into account the location, the radius and the temp-
erature distribution of the ignition kernel calculated by
equations (21—-23), the energy-equation source attributed to
the pilot fuel combustion is estimated by the following
equation:

S =D Yk[TT"' Cp,de] (24)
k

local

The gaseous fuel is considered to be methane, whereas the
combustion model considers 17 species and 58 chemical reac-
tions, as reported in Bilger and Starner (1990). The steady
diffusion flamelet model steps are illustrated in the flowchart
of Figure 3. The model employs the generation of parameters
look-up tables to reduce the model computational effort. The
methane combustion mechanism considering two-dimen-
sional counterflow laminar flamelet is employed, and then

integrated and tabulated by using the P-shaped probability
density function (PDF) to represent the interactions between
the fuel combustion and turbulence. The scalar dissipation
rate y is introduced into the look-up table to account for the
effects of the flow strain in the steady diffusion flamelet.

2.5 NOx formation model

NOx formation takes place at the non-equilibrium conditions,
and is strongly affected by the temperature. As the NOx pro-
duction rate is much lower than the fuel burning rate, the
NOx formation generally can be considered as a post process
of the fuel combustion.

As the NOx emissions mainly consist of nitric monoxide
(NO), the developed model employs the following two NO
mechanisms: the extended Zeldovich mechanism, and the
NO formation mechanism from intermediate N,O. For the
extended Zeldovich mechanism, the forward and the reverse
rates of the NO reaction equations are considered as reported
by Hanson and Salimian (1984). The rates for the NO for-
mation from the intermediate N,O is taken according to
Melte and Pratt (1974); this mechanism is relatively significant
in the high pressure ranges and oxygen-rich conditions.

3. Developed CFD model validation

The developed CFD model was validated against the previous
published experimental measurements reported in Imhof et al.
(2013), which are taken for both the gas and the diesel operat-
ing modes in a rapid compression and expansion machine
(RCEM) [40], the characteristics of which are presented in
Table 1. The CFD model employed the n-heptane as the
pilot fuel at the gas mode and the main fuel at the diesel
mode, whereas the gaseous fuel (for the gas mode) is con-
sidered to be methane. In addition, the RNG k-¢ turbulence
model is used, whereas adiabatic conditions are assumed.
Figure 4 shows the used mesh at the top dead centre
(TDC) of the RCEM. Following a mesh size study and taking
not account the trade-off between the results accuracy and
simulation computational cost, the mesh size of 1 mm was
selected, as it provided an effective representation ofboth the
gaseous and liquid fuels injection processes (Yang 2018).
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Continuous Phase Model

pa ~

7,72 H

Counterflow Laminar
Flamelet

o =[p T Y]=0(Z x, H)

Look-up Table Generation
= [p.1.7 =2, 22, H)

Flow Variables
b1, Y,

Figure 3. Flowchart of the steady diffusion combustion model calculation procedure (This figure is available in colour online.).

Figure 5 presents the heat release rate (HRR) calculated by
the developed CFD model and from the available experimental
data published in Imhof et al. (2013), for both the gas and die-
sel operating modes. The respective HRR values at 0°ATDC
and 15°ATDC as well as the NO emissions are presented in
Table 2. At the early combustion process stage, the CFD
model results perfectly match the experimental data; the gas
mode combustion exhibits a steeper rise of HRR compared
to the gas mode. At the late combustion stage, the CFD
model slightly overpredicted the HRR for the gas mode and
underestimated the HRR for the diesel mode. The noticeable
peak of the HRR variations for the diesel and gas modes are
sufficiently captured by the developed CFD model. As it is
shown in Table 2, the derived relative errors for both modes
are within 9%; the gas mode results exhibited the higher errors.
However, considering the typical errors ranges expected in
CFD modelling, it can be deduced that the developed CFD
model can adequately represent the combustion processes in
both the gas and diesel modes.

The reaction rates in the extended Zeldovich mechanism
recommended by Hanson and Salimian (1984) were employed
to evaluate the NO emissions. The results shown in Table 2
demonstrate that the NOx emissions are reduced by 26% for
the gas mode in comparison to the diesel mode. This trend
was captured by the developed dual fuel non-premixed com-
bustion model, despite of the noticeable discrepancy between
the predicted and measured values. The results also indicated
that the prediction of NO emissions exhibit a relatively high
error (up to 38% for the gas mode). Schwerdt (2006) and
Tao et al. (2007) reported that the errors of NO emissions

Table 1. Rapid compression and expansion machine (RCEM) characteristics for
the diesel and the gas operating models adopted from Imhof et al. (2013).

Diesel Mode Gas Mode
Nozzle Hole Diameter 0.5 Pilot Nozzle Hole Diameter 0.16
(mm) (mm)
Injection Pressure (MPa) 100 Pilot Injection Pressure (MPa) 60
Injection Start/End (° -5.0/ Pilot Injection Start/End (° —7.5/2.8
ATDCQ) 18.0 ATDCQ)
Gas Nozzle Hole Diameter 1.2
(mm)
Gas Injection Pressure (MPa) 30
Gas Injection Start/End (° —6.0/
ATDCQ) 18.0

evaluated by the extended Zeldovich mechanism can reach
50% or above.

4, Large marine two-stroke engine CFD model
results

Following the validation of the developed CFD model, the
closed cycle of the large marine two-stroke marine engine
5S60ME [30, 31] at 75% load was modelled for both the diesel
and the gas operating modes. The main characterises of this
engine are listed in Table 3. The load was selected as represen-
tative of the most frequent engine operation. The injectors
characteristics for both the gas mode (pilot liquid and gaseous
fuels injectors) as well as for the diesel mode (diesel fuel injec-
tors) are presented in Table 4. The injectors characteristics for
the gas mode were derived following the parametric investi-
gation reported in the previous authors’ study (Yang et al.
2020), whereas the injectors characteristics for the diesel
mode are taken from Jin (2014).

The mesh size of 1 mm was selected for the space under-
neath the exhaust valve, whereas the mesh of the space
above the moving piston was generated by employing the
spring-deformed mesh concept. The used mesh for the cylin-
der TCC is shown in Figure 6. The CFD model employs var-
ious time steps depending on the modelled process. A time
step of 0.1°CA was used for the compression phase (before
the pilot fuel injection) and the late expansion phase (after
40°ATDC). A time step of 0.001°CA was used for the pilot
liquid and the gaseous fuels injection processes. The gaseous
fuel combustion process was modelled with a time step of
0.01°CA time step.

Figure 4. Mesh at top dead centre used for the CFD modelling of the rapid com-
pression and expansion machine (RCEM) processes (This figure is available in col-
our online.).
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Figure 5. Heat release rates derived from the CFD model and the experimental
data reported in Imhof et al. (2013) for the diesel and gas operating modes for the
rapid compression and expansion machine (RCEM) (This figure is available in col-
our online.).

4.1 Temporal and spatial distributions on the flame
structure

The local in-cylinder fuel—air equivalence ratio versus the
temperature at crank angle values equal to 0.0°ATDC, 5.07°
ATDC, 10.07°ATDC and 15.07°ATDC for the gas and the die-
sel modes, respectively are illustrated in Figure 7. For both
modes, the diffusion combustion that is linked to the high
temperature region takes place at lean conditions. At the
same temperature, the gas mode exhibits a broader equival-
ence ratio distribution compared with the diesel mode. It is
inferred that a greater flammability limit is obtained due to
the combustion at rich conditions for the gas mode. For the
same equivalence ratio, a higher temperature is exhibited at
the gas mode compared with the diesel mode.

The temperature distributions at various crank angles for
the gas and diesel modes are shown in Figures 8 and 9.
These results demonstrate that the diesel mode (where liquid
diesel fuel is burned) exhibits a higher flame temperature
than the gas mode, which primarily uses the methane as fuel
(the combustion of which is initiated by the injection a pilot
fuel amount). At the early gas injection stage, higher flame
temperature levels are observed in the gas mode compared
with that of the diesel mode, which is attributed to the pilot
fuel combustion. Moreover, the locations of the flame temp-
erature for these two investigated operating modes are quite
different. For the diesel mode, the diffusion flame is strongly
transported by the swirling flow within the cylinder, similarly
to the flame developed in the gas mode after the end of the gas
injection. However, during the gas injection process for the gas
mode, the high-temperature flame is observed primarily in the
space of the gas-plume fronts shown in Figure 8.

Table 3. Investigated engine characteristics adopted from (MAN Diesel & Turbo
2014; MAN Energy Solutions 2015).

Parameter Unit -
Stoke m 2.4
Bore m 0.6
Crank Radius m 12
Engine Speed (75% Load) rpm 91.3
Engine Power (75% Load) kw 7875
Table 4. Injectors characteristics for the gas and diesel mode.
Gas Mode Diesel Mode
Pilot fuel Gaseous fuel Diesel fuel
Parameter injectors injectors injectors
Injectors number 3 3 2
Injector holes 5 5 5
number
Injected fuel (kg/ 0.00193 0.038 0.0472
rev)
Injection start (° -1.5 0 -0.9
ATDC)
Injection end (° 3.02 11.24 15.1
ATDQ)

4.2 Engine performance parameters

The predicted in-cylinder pressure variations against the crank
angle are shown in Figure 10. In addition, the experimentally
measured pressure variation for the diesel mode reported in
Jin (2014) is also presented in this figure. Experimental results
were not available for the gas mode operation. The predicted
in-cylinder pressure adequately matches the experimental
results, although the model underestimated the maximum
cylinder pressure at the diesel mode by 1.8% (compared with
the measured data), as shown in Table 4. The predicted indi-
cated mean effective pressure (IMEP) for the engine cylinder
closed-cycle was found within 0.1% from its respective exper-
imental value.

By comparing the pressure variations for the gas and the
diesel modes (Figure 10 and Table 5), it is deduced that the
maximum in-cylinder pressure for the gas mode is slightly
higher by 2.2% and is achieved 3°CA earlier than that of the
diesel mode. This is attributed to the fact that
the combustion at the gas mode starts slightly earlier and it
takes place slightly faster in its initial phase compared with
the combustion at the diesel mode. After the gas injection,
the in-cylinder pressure reduces faster (in the gas mode),
whereas the in-cylinder pressure variations (at both modes)
almost coincide at the late expansion phase. Nonetheless, the
predicted IMEP exhibits almost the same value for both the
gas and diesel modes.

Table 2. Comparison of CFD model results and experimental data for the gas and diesel modes for the rapid compression and expansion machine (RCEM).

CFD model Experimental data taken from [40]
Diesel mode Gas mode Diesel mode Gas mode Diesel mode Gas mode
Heat Release Rate
CA (°ATDC) HRR (kJ/°CA) HRR (kJ/°CA) Relative Error (%)
0 0.60 0.54 0.59 0.50 1.7 8.6
15 0.85 0.72 0.85 0.76 0.1 —53
NO emissions
NO (ppm) 648 244 531 346—393 22 (—37.9)—(=29.5)




Figure 6. Mesh at top dead centre used for the CFD modelling of the investigated
marine two-stroke engine (This figure is available in colour online.).

Figure 11 shows the predicted heat release rates (HRR) for
both the gas and diesel modes. For the gas mode, the HRR
increases till its maximum value that is achieved at 5.62°
ATDC, and then gradually decreases. This is attributed to
the fact that the flame front impinges with the cold root of
the gas plumes (in the space close to the gaseous fuel nozzles)
as it is illustrated from plots shown in Figure 8. Nonetheless,
the HRR at the gas mode slightly exceeds the one of the diesel
mode in the late combustion phase (after 20°CA) due to the
slower combustion of the gaseous fuel. For the diesel mode,
the HRR variation exhibits two peaks (with one valley between
them) and is remarkably different than that of the gas mode, as
shown in Figure 11. The HRRs (for both the diesel and gas
modes) abruptly increases till their first peak (observed at 6°
ATDC); the gas mode HRR slightly exceeds the respective
gas mode HRR due to the earlier start of the pilot fuel combus-
tion (which results in a higher cylinder pressure at the gas
mode), whilst the HRR peak value is almost the same to that
of the diesel mode. The subsequent reduction of the HRR is
attributed to the lower fuel vapour as shown in Figure 12.
For the diesel mode, the HRR increases after 9°ATDC, obtain-
ing its second peak (maximum value) at 11.3°ATDC; this is
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attributed to the increase of the in-cylinder diesel vapour
and the associated flame temperature (as inferred from the
respective increase of the maximum temperature) as illustrated
in Figure 13.

4.3 Gas emissions

The predicted emissions for the investigated engine operating
point are shown in Table 6. It is demonstrated from these
results that there was no unburned hydrocarbons (HC) left
after the combustion for both the gas and diesel modes. How-
ever, it must be noted that the in-cylinder crevices and the
cylinder lubricating oil film, which impact the unburned HC
emissions were not included in the model. Due to the lower
methane carbon to hydrogen ratio (compared to the diesel
fuel), the CO, emissions were significantly lower than that pro-
duced for the diesel mode. For the investigated operating point
(75% load), the working medium of each engine cylinder con-
tains 0.115 kg CO, at the exhaust valve opening (EVO) point
in the gas mode, which was 21% lower than CO, emissions
for the case of the diesel mode.

The predicted NO emissions at the EVO for the gas mode
was 1820 ppm (mass fraction), which was 30.6% lower than
the NO emissions predicted for the diesel mode. The NO for-
mation depends on the in-cylinder temperature. According to
Figure 15, the maximum temperature for the gas mode was
remarkably lower for a considerable part of the combustion
process, compared to that of the diesel mode. This in conjunc-
tion with the leaner combustion conditions (higher equival-
ence ratio) resulted in the reduction of the NO emissions in
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Figure 7. Variation of the local temperature versus equivalence ratio for various crank angles (This figure is available in colour online.).
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Figure 8. In-cylinder temperature spatial distributions at various crank angles for the gas mode (This figure is available in colour online.).

the gas mode. The predicted CO emissions at the EVO for the
gas mode was 4 ppm.

The spatial distributions of the mixture fractions as well as
the species OH, CH,0 and CO, for the gas and diesel modes
are illustrated in Figures 14 and 15. The radical OH denotes
the high temperature reaction zones related to the diffusion
flame, whereas the CH,O denotes the low temperature reac-
tion zones. The mixture fraction exhibits a similar distribution

with the CO,. The cores of the gas/vapour plumes exhibit a low
OH fraction and a high CH,O concentration, which is more
pronounced close to the nozzles exit. Regarding the high OH
and low CH,O zones, a noticeable disparity between the gas
and the diesel operating modes is found. For the gas mode,
due to the diffusion combustion of the injected gas, the
high-temperature flame is located in the vicinity of the stoi-
chiometric surface; this surface exhibits high concentration

Figure 9. In-cylinder temperature spatial distributions at various crank angles for the diesel mode (This figure is available in colour online.).
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Figure 10. In-cylinder pressure variations for the gas and diesel modes (This
figure is available in colour online.).

Table 5. In-cylinder maximum pressure and crank angle for the gas and diesel
modes.

In-cylinder Maximum Pressure

Mode CA at maximum pressure (°ATDC) Pressure (bar)
CFD model Diesel 124 147.3
Experiment Diesel 1 150.1
CFD model Gas 9.1 150.7

of the OH radical and low concentration of the CH,O. On the
contrary, the high CH,O concentration occurs near the stoi-
chiometric surface for the diesel mode, which is owing to the
heat transfer due to the liquid fuel evaporation. Therefore,
the high-concentration zones for the OH are not observed
close to the stoichiometric surface of the fuel vapour, but
downstream the vapour plumes, due to the transportation by
the strong swirling flow and the high-speed liquid sprays. In
terms of the mixture fraction distribution shown in Figure
14, the slight accumulation of the gas fuel and the related pro-
ducts near the cylinder walls is mainly caused by the hot front
of one gas plume impinging on the root of another gas plume.

5. Conclusions

This study aimed at developing and validating a CFD model-
ling approach for the simulation of large marine two-stroke
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Figure 11. Heat release rate (HRR) curves calculated by the CFD model for the gas
and the diesel modes (This figure is available in colour online.).
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Figure 12. Calculated diesel vapour mass fraction and the in-cylinder maximum
temperature for the diesel mode (This figure is available in colour online.).
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Figure 13. Calculated Maximum in-cylinder temperature for the gas and diesel
modes (This figure is available in colour online.).

dual fuel engine with gaseous fuel direct injection at high
pressure. The developed model included submodels for repre-
senting all the involved process, in specific the pilot liquid fuel
injection and combustion as well as the gaseous fuel injection
and combustion; this model was incorporated in the commer-
cial CFD software ANSYS Fluent. The developed CFD model
was first validated based on the previous published results
obtained in a rapid compression and expansion machine
(RCEM) (Imhof et al. 2013). Subsequently, the closed cycle
of the large marine two-stroke dual fuel engine 5S60ME was
simulated for both the gas the diesel operating models consid-
ering the operation at 75% load. The derived in-cylinder
pressure variations were validated against respective exper-
imental data, whilst a number of performance and emission
parameters for both operating modes are comparatively
assessed to delineate the involved phenomena taking place
within the engine closed cycle. The main findings of this
study are summarised as follows:

e The developed CFD model sufficiently represented the
RCEM processes of both the gas and diesel modes. The

Table 6. Predicted emissions mass for the gas and diesel modes.

Unburned HC CO, (%) NO (ppm)
Gas Mode None 7.95 1820
Diesel Mode None 9.96 2622
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(a) Mixture Fraction

HRR deviation between the CFD and experimental results
was calculated to be less than 9%. The percentage error in
the NO emissions prediction was found up to 38%, which
is within the error range reported in the pertinent literature
(Schwerdt 2006; Tao et al. 2007).

The predicted in-cylinder pressure variations and IMEP for
the investigated marine two-stroke dual fuel engine oper-
ation at 75% load sufficiently matched the respective exper-
imental results for both the gas and diesel modes. The
percentage error (between the derived results and the exper-
imental measurements) for the cylinder maximum pressure
was found within 1.8%, whereas the closed cycle IMEP rela-
tive error was calculated within 0.1%.

At the gas mode, the cylinder maximum pressure was
slightly higher and achieved in a slightly earlier crank
angle compared with the diesel mode. However, the engine
achieved almost the same IMEP in both operating modes.
By comparing the derived CFD model results for the cases
of the gas and diesel operating modes, it was concluded that
the combustion process at the gas mode achieved a lower

Figure 14. Spatial distributions of mixture fraction, OH, CH,Oand CO, for the gas mode (This figure is available in colour online.).

maximum temperature compared to the diesel mode.
Atthe diesel mode, the flame front was found to be in
areas with high-temperature, whilst, for the gas mode, the
flame front was found to be in the vicinity of the stoichio-
metric surface.

For the diesel mode, the heat release rate variation (versus
crank angle) was found remarkably different than that of
the gas mode. The HRR of the gas mode exhibited a single
peak, whereas two peaks were observed in the HRR of the
diesel mode. For the period till the first peak, the HRR
exhibited similar variations (with only slight differences
attributed to the pilot fuel combustion and faster combus-
tion of the gaseous fuel). The HRR was found depended
on the fuel vapour retained within the engine combustion
chamber. For the late combustion period, the HRR in the
gas mode slightly exceeded the one of the diesel mode
revealing a slower combustion rate.

The CFD model results demonstrated that no unburned
hydrocarbons were remained at the exhaust valve opening.
At the gas mode, the CO, and NOx emissions was
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(c) CH;O (d) CO,

Figure 15. Spatial distributions of mixture fraction, OH, CH,0and CO, for the diesel mode (This figure is available in colour online.).

calculated 21% and 30.6% lower, respectively, compared
with the diesel mode. These values are in accordance with
the respective values reported in the pertinent literature.

The developed modelling approach is novel as it included
several innovative methods, in specific, the incorporation of
the pseudo-diameter concept, the one-dimensional shock
tube theory and the calculation of the required source terms
for the representation of the gaseous fuel injection process,
the customisation of the steady flamelet model to represent
the non-premixed combustion of both the pilot liquid and gas-
eous fuels, as well as the development of the pilot fuel ignition
kernel and its use for the gaseous fuel combustion initiation. In
addition, the CFD modelling of the marine two-stroke dual
fuel engine with gaseous fuel direct injection is a useful
addition in the pertinent literature, which lack of similar
studies. Although, this study modelled a two-stroke engine,
the developed CFD modelling approach is applicable for the
simulation of marine dual fuel four-stroke engines with gas-
eous fuel direct injection. Moreover, this study results

contributes to the better understanding of the phenomena
and physical processes taking place in large marine two-stroke
engines with gaseous fuel direct injection. Considering the
focus of the shipping industry on the reduction of its oper-
ations environmental footprint, which can be achieved using
LNG or other alternative fuels, it is expected to be beneficial
for the development of future engine designs as well as the
optimisation of the engine settings targeting to reduce emis-
sions and increase efficiency. These topics will be investigated
in future research studies.
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